ABSTRACT. To test the hypothesis that regional growth of lung parenchyma depends on regional distending pressure, left cervical phrenectomy was done in ten 2-monthold piglets. The unilateral diaphragmatic paralysis reduced mean transpulmonary pressure in the left hemithorax from 5.5 f 1.0 (% f SD) to 2.5 +. Several determinants of postnatal lung growth have been suggested by experiments with compensatory lung growth after pneumonectomy or lung collapse (1). In particular, the compensatory response is inhibited by plombage of the thoracic cavity (2, 3), which indicates a determinant involving lung and chest wall mechanics. However, the possibility of a mechanical determinant is difficult to pursue further within the model of compensatory lung growth, which is complicated by loss of functioning lung tissue, ventilatory embarrassment and, in some cases, disturbance in body growth. Recently, Mansell et al. (4) altered regional, postnatal lung growth by producing unilateral diaphragmatic paralysis in cats and pigs. Because there was no loss of functioning lung tissue and no disturbance in body growth, unilateral diaphragmatic paralysis appeared to be a good model for studying mechanical factors affecting postnatal lung growth.
Several determinants of postnatal lung growth have been suggested by experiments with compensatory lung growth after pneumonectomy or lung collapse (1) . In particular, the compensatory response is inhibited by plombage of the thoracic cavity (2, 3), which indicates a determinant involving lung and chest wall mechanics. However, the possibility of a mechanical determinant is difficult to pursue further within the model of compensatory lung growth, which is complicated by loss of functioning lung tissue, ventilatory embarrassment and, in some cases, disturbance in body growth. Recently, Mansell et al. (4) altered regional, postnatal lung growth by producing unilateral diaphragmatic paralysis in cats and pigs. Because there was no loss of functioning lung tissue and no disturbance in body growth, unilateral diaphragmatic paralysis appeared to be a good model for studying mechanical factors affecting postnatal lung growth.
Herein we examine pulmonary distending pressure as a possible mechanical determinant of lung growth after unilateral diaphragmatic paralysis. Bilateral pleural balloons are used in the piglet, where unilateral phrenectomy can be done reliably by the cervical approach and where a relatively stiff mediastinum is expected to promote pressure differences between the two hemithoraces. In addition, unique data are presented for acute changes in bilateral transpulmonary pressure after unilateral cervical phrenectomy.
METHODS

Animals and surgical procedures. Twenty 8-wk-old female
Yorkshire piglets, purchased from T. Moms, Inc., Reisterstown, MD, were anaesthetized using nitrous oxide and maintained with halothane. The piglets were restrained in the supine position with the left forelimb abducted to orient the brachial plexus at right angles to the phrenic nerve. A midline incision was made extending 6 cm below the hyoid cartilage, and a flap was extended laterally until the carotid sheath with the vagus nerve was located. The phrenic nerve was traced caudad until it coursed dorsal to the subclavian artery. The nerve was stimulated electrically and diaphragmatic contraction was verified visually. A I-cm segment of the nerve was then excised in 10 experimental animals, whereas in the 10 controls neither electrical stimulation nor excision was performed. Experimental and control procedures were alternated.
In five of the experimental piglets and in their five controls, bilateral pleural pressures were measured before and 30 min after the surgical procedure. These 10 piglets were killed 48 h after the surgical procedure and their lungs were removed for measurements of wet weight, total protein, DNA, and RNA. In the other five experimental animals, and in their controls, bilateral pleural pressures were measured once only, 7 days after surgery. Immediately after the measurements of pleural pressure, these piglets were killed and their lungs were removed-for measurements of total protein, DNA, and RNA.
Bilateral measurements of pleural pressure. A cutdown was made to the fourth rib one third of the distance from the sternum to the spine. A trochar (6 mm ID) containing a pleural balloon and sealed at the top by a pipette tip was placed in the incision just cranial to the rib. A purse string suture was then made in the pectoral muscles and fasciae to seal the incision externally. The trochar was then pushed into the pleural space and the balloon was threaded through the trochar, which was then withdrawn as the purse string suture was tightened. The pleural balloons were 4 cm long and constructed of latex fixed to polyethylene catheters. The balloon volume used was 0.1 ml as determined by previous balloon compliance studies. After both pleural balloons were in place, pleural pressures were recorded with Statham P13 1 C transducers which had been calibrated in parallel.
The measurements were done while the unintubated piglets were breathing spontaneously under light halothane anaesthesia. Pleural pressures were calculated at end expiration from a stable The pleural balloons used for measurements before and im- at end expiration. When the piglets were turned to lateral posiThere were no grossly visible areas of collapse in the lungs of tions, right and left transpulmonary pressures differed signifi-experimental or control animals. In the phrenectomized piglets, cantly; i.e. end inspiratow Pressures were 3.7 * 1.1 cm H20 the branches of the left phrenic nerve on the thoracic surface of greater ( p < 0.005) and end expiratory Pressures were 4.8 + 1.1 the left hemidiaphragm appeared swollen. Hemidiaphragms that cm H20 greater ( p < 0.0°5) at the as the had been paralyzed appeared similar on gross inspection to those bottom.
that had been intact. Thirty minutes after left cervical phrenectomy, respiratory 1, the pig, the four-lobed right lung is larger than the threefrequency had not changed (37 * breaths/min* = 5). lobed left lung (10). In our controls, right lungs were heavier (by Outward nmvement the abdomen during had a factor of 1.30) and contained more protein (1.36), DNA (1.28), decreased visually on the left, ipsilaterd to the phrenectomy-and RNA (1.32) than did left lungs. The group studied 48 h after Although the two tracings of transpulmonary Pressure remained left phrenectomy did not differ from their controls for lung in ~hase, P,, on the left had decreased from 15.0 to 8.7 cm H20 weight, total protein, DNA, or RNA ( Table 1 ). The ratios total at end inspiration (P < 0.002 by paired t test) and from 5.5 to protein/DNA and RNA/DNA did not differ between right and 2.5 cm H20 at the mean ( p < O.O1 by paired test).
On left lungs or between experimental and control groups (Table 1) . the left were then reduced in the phrenectomized animals as l-he group studied 7 days after left phrenectomy had lighter compared to the controls at end inspiration (P < 0.005) and at right ( p < 0.05) and left ( p < 0.01) lungs compared to their the mean (P < 0.05) (~i g . 1). These differences were statistically controls ( Fig. 2 ; Table 1 ). Reduction in lung weight was more significant only in the supine position. Measurements from the pronounced on the left, ipsilateral to the phrenectomy, as shown right hemithorax tended to change in the same direction as those by higher ratios of w t / l e f t lung weight in the phrenectomized from the left, as shown in Figure 1 , but the experimental and group as compared to the controls (1.60 versus 1.27, p < 0.01). control groups did not differ significantly in any position. Forty Content of DNA was less (p < 0.05) in the left lungs of the eight hours after phrenectomy, respiratory frequency still had phrenectomized group as compared to the left lungs of the not changed (35 + 13 breathslmin) and did not differ from the controls ( Table I ). The ratios total protein/DNA and RNA/ control group. Right and left pleural pressure tracings continued DNA did not differ between right and left lungs or between to be in phase. Artifacts caused by encapsulation of the pleural expe,.jmental and control groups. balloons prevented measurements of Ptp at 48 h (see "Methods").
Seven days after phrenectomy, respiratory frequency was a mean of 39 + 16 breathslmin, which did not differ from the DISCUSSION control group. Right and left pleural pressure tracings continued Lung growth is rapid in 2-month-old piglets; at this age, to be in phase. Transpulmonary pressures, as measured by newly alveolar number may increase by 18% in 1 wk (1 1). After 1 wk placed balloons, did not differ in experimental and control of unilateral diaphragmatic paralysis, growth of both lungs was groups.
inhibited to the extent that total lung weight was reduced by Postmortem indices of lung growth. Body weight in the piglets 19% in the experimental animals. Growth inhibition was greater who underwent phrenectomy did not differ from the controls at ipsilateral to the paralyzed hemidiaphragm than on the contrathe time of surgery. Forty eight hours after surgery, the phrenec-lateral side, thus exaggerating the relative sizes of the four-lobed tomized group had increased their body weights by a mean 3.1 % right lung and the three-lobed left lung. Wet weight, total protein content, DNA, and RNA changed in proportion to one another, even though the reductions in protein and RNA were not statistically significant. Therefore, the inhibition in growth does not appear to have changed lung composition. Absolute quantities of DNA were reduced significantly, however, indicating that cell proliferation was inhibited with no change in mean cell size. By the same criteria, augmented lung growth after pneumonectomy (2) or lung collapse (3) occurs by increase in cell proliferation with no change in mean cell size. Our results must be interpreted with attention to several limitations. First, because we did not examine the lungs by morphometry, no conclusions can be made about alveolar number or alveolar surface area per unit volume. However, our previous study of lung growth after unilateral diaphragmatic paralysis in cats showed that airspace volume per unit lung weight remained constant (4) . Second, P,, in the midthorax and biochemical analysis of the whole lung must tend to conceal the most distinct regional effects of unilateral diaphragmatic paralysis, which are likely to be in the lower lobe close to the paralyzed hemidiaphragm (12) . Third, increase in alveolar oxygen tension (13) or decrease in pulmonary blood flow (14) may inhibit postnatal lung growth. It is unlikely that unilateral diaphragmatic paralysis increased alveolar oxygen tension or decreased pulmonary blood flow bilaterally to explain the bilateral inhibition of parenchymal growth. However, it is still possible that changes in alveolar oxygen tension or changes in pulmonary or bronchial blood flow contributed to the changes in lung growth.
Unilateral diaphragmatic paralysis reduced ipsilateral transpulmonary pressure and inhibited ipsilateral growth of lung parenchyma in the piglet. However, the reduction in transpulmonary pressure was no longer detectable when the inhibition in lung growth was found, 7 days after phrenectomy. We interpret this pattern to mean that inhibition in lung growth occurred until the lungs "fit" a new thoracic shape and volume imposed by the phrenectomy. Transpulmonary pressure does not change substantially in the normal process of lung growth in humans, despite a 13-fold increase in lung volume from birth to age 6 yr (15). In the piglets, compensatory hypertrophy of intercostal muscles (16) would be likely to modify thoracic shape and volume further if more time had been allowed to elapse after phrenectomy. Therefore, results after 7 days are unlikely to represent the final effects of left diaphragmatic paralysis on regional or total lung growth. Nevertheless, it is clear that regional growth of lung parenchyma by cell proliferation depends in part on regional distribution of respiratory muscle activity.
